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Brain-derived neurotrophic factor (BDNF) is a key mediator of the activity-dependent processes in the
brain that have a major impact on neuronal development and plasticity. Impaired control of neuronal
activity-induced BDNF expression mediates the pathogenesis of various neurological and psychiatric
disorders. Different environmental stimuli, such as the use of pharmacological compounds, physical and
learning exercises or stress exposure, lead to activation of specific neuronal networks. These processes
entail tight temporal and spatial transcriptional control of numerous BDNF splice variants through
epigenetic mechanisms. The present review highlights recent findings on the dynamic and long-term
epigenetic programming of BDNF gene expression by the DNA methylation, histone-modifying and
microRNA machineries. The review also summarizes the current knowledge on the activity-dependent
BDNF mRNA trafficking critical for rapid local regulation of BDNF levels and synaptic plasticity. Cur-
rent data open novel directions for discovery of new promising therapeutic targets for treatment of
neuropsychiatric disorders.
This article is part of the Special Issue entitled ‘BDNF Regulation of Synaptic Structure, Function,
and Plasticity’.
 2013 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Brain-derived neurotrophic factor (BDNF) is a central player in
neuronal plasticity and the development of different neurological
and psychiatric disorders. Impaired regulation of BDNF expression
has been implicated in mood and anxiety disorders, early-life
adverse experience and aging, cognitive and neurodegenerative
diseases (Autry and Monteggia, 2012; Boulle et al., 2012; Erickson
et al., 2012; Frielingsdorf et al., 2012; Mahan and Ressler, 2012;
Roth and Sweatt, 2010). BDNF is involved in neurogenesis, neuronal
survival and differentiation and long-term potentiation (Hall et al.,
2000; Jones et al., 1994; Schwartz et al., 1997). Studies in BDNF-null
mice or mice with the Val66Met polymorphism have demonstrated
that BDNF is a key regulator of plasticity, dendritic arborization,
learning and memory and synaptic morphogenesis (Abidin et al.,
2008, 2006; Soliman et al., 2010).
Rodent and human BDNF genes have multiple untranslated 50-
exons; every single 50-exon is normally spliced to one coding exon
with two different 30-UTRs (untranslated region), resulting in
dozens of possible BDNF transcripts variants, each of which en-
codes an identical BDNF protein (Aid et al., 2007; Liu et al., 2005;Y-NC-ND license.Pruunsild et al., 2007). On rare occasions human BDNF transcripts
might consist of multiple (up to 3) 50-exons and one coding exon
(Pruunsild et al., 2007), however the molecular mechanisms of
these exceptional alternative splicing events are not studied.
Importantly, all 50-exons and both 30-UTRs are under the control of
their own regulatory elements, providing the cells with an excep-
tional molecular device that can be controlled in an activity-
dependent, stimulus-specific temporal and spatial manner (Aid
et al., 2007; An et al., 2008; Chiaruttini et al., 2008; Hong et al.,
2008; Pruunsild et al., 2007, 2011).
The responsiveness of BDNF to multiple cellular signaling
pathways underlines its physiological function in the activity-
regulated neuronal network. Moreover, several environmental
stimuli, as will be discussed in this review, lead to long-term
epigenetic control of BDNF expression. The variations in BDNF
levels between cells/individuals/disease states may result not only
from genetic polymorphism but also from altered epigenetic pro-
gramming. Indeed, the genome is not a one-dimensional linear
DNA sequence that defines a genotype. A DNA helix is folded into
several layers of highly organized chromatin structure to form a
chromosome. Knowing the sequence of a protein-coding region of a
gene is insufficient for understanding its functioning because
chromatin structure dramatically affects gene expression. The
actual genome (or epigenome) is an active cooperation of 1) ge-
notype, 2) chromatin modifications (DNA methylation and histone
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as microRNAs; transposable elements), driven by the dynamic
environment. Here I will review the main epigenetic modifications
that may lead to reprogramming of BDNF expression within
differentiated non-dividing neurons or may be potentially inheri-
ted by dividing brain cells without changes in the BDNF gene
sequence per se.
The main concept of the present review is that dynamic varia-
tion in BDNF expression and the subsequent changes in brain
functioning and neuronal plasticity are under tight environmental
control. Specific focus is paid to those epigenetic changes that drive
the activity-dependent alterations in BDNF transcripts levels,
temporal or spatial, critical for neuronal plasticity, development of
diseases and their treatments. Particularly, this review highlights
the recent work on the epigenetic regulation of the BDNF gene that
occurs in adult animals or humans, although some key findings on
BDNF reprogramming during critical periods of postnatal devel-
opment and in neuronal cell cultures are also discussed to provide
better insight into the molecular mechanisms of the epigenetic
control of BDNF expression.
2. Impact of DNA methylation on BDNF expression
DNA methylation is a fundamental epigenetic mechanism for
gene silencing throughout lifespans (Bird, 2002; Reamon-Buettner
and Borlak, 2007). DNA methyltransferases (DNMT) catalyze the
transfer of a methyl group from a donor S-adenosylmethionine to a
cytosine at position C5, resulting in a new nucleotide 5-mC, 5-
methylcytosine, generally in the context of CpG dinucleotides
(Fig. 1) (Lister and Ecker, 2009). The vast majority of CpGs in
mammalian genomes are methylated and contribute to the for-
mation of condensed heterochromatin (Bird, 2002). In contrast,
hypomethylated CpG sites are located mostly in the CpG islands
(CG-rich DNA regions) in close vicinity to genes promoters (Bird
et al., 1985; Weber et al., 2007). In dividing cells, maintainingFig. 1. DNA methylation at gene promoter region. The transfer of a CH3-group from the me
catalyzed by DNA methyltransferases, DNMT. Low DNA methylation level is correlated with
histone acetylases, HAT, and RNA polymerase II, Rpol II, to promoter region (left). Increase
MeCP2, and a chromatin silencing complex that contains histone deacetylases, HDAC, andDNMT1 recognizes the hemi-methylated CpG site, which is
generated during DNA replication, and controls the correct incor-
poration of a methyl group into newly synthesized DNA strands,
copying the methylation pattern from mother to daughter cells
(Bird, 2007). In addition to the maintaining DNMT1, the methyl-
transferases DNMT3a and DNMT3b are the key enzymes processing
de novo DNA methylation independent of DNA replication. De novo
DNA methylation together with DNA demethylation are predomi-
nantly thought to be implicated in neuronal plasticity (Levenson
et al., 2006; Nelson et al., 2008).
2.1. BDNF and methylated DNA-binding proteins: case of MeCP2
How does the DNA methylation state at promoter regions affect
the level of gene expression?Methylated CpG sites are identified by
specific methyl-CpG-binding proteins (Nan et al., 1997; Ng et al.,
2000; Prokhortchouk et al., 2001; Skene et al., 2010; Wade et al.,
1999) that modify chromatin structure through the recruitment
of transcriptional repressor complexes (Fig. 1) (Yoon et al., 2003;
Zhang et al., 1999). Mutations in methyl-CpG-binding protein 2
(MeCP2) are associated with Rett syndrome (RTT), a severe pro-
gressive neurological disorder characterized by autistic behavior,
mental retardation and motor dysfunction (Amir et al., 1999). Pa-
tients with RTT begin to present the characteristics of the disease
only after 6e18 months of age (Hagberg et al., 1983). A similar
phenotype is observed in the mouse models of RTT, MeCP2-mutant
or null mice, which grow normally until 5e6 postnatal weeks of age
(Chen et al., 2001; Guy et al., 2001). Thus, the development of RTT
has been attributed to the lack of MeCP2 function in adult neurons
(Luikenhuis et al., 2004; Skene et al., 2010) and glial cells (Ballas
et al., 2009; Diaz de Leon-Guerrero et al., 2011; Maezawa et al.,
2009).
Accumulating evidence suggests that aberrant regulation of
activity-dependent BDNF expression largely contributes to the
neuronal phenotype observed in RTT: abnormalities in dendriticthyl donor S-adenosylmethionine to the cytosine in the CpG dinucleotide sequence is
the increased gene transcription level through the binding of transcription factors, TF,
d amount of methylated CpG sites recruits methylated DNA-binding proteins, such as
histone methyltransferases, HMT, resulting in the repressed gene transcription (right).
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maturation (Zhou et al., 2006), altered excitatory synaptic plasticity
(Moretti and Zoghbi, 2006) and increased inhibition (Dani et al.,
2005). Interesting, although MeCP2 has been suggested to act as
a global chromatin regulator (Skene et al., 2010), BDNF has been
found to be selectively regulated byMeCP2 in response to neuronal
activity (Chen et al., 2003; Martinowich et al., 2003; Zhou et al.,
2006). More specifically, an environmental stimulus, such as the
membrane depolarization of cultured neurons, induced a calcium
influx and consequent MeCP2 phosphorylation (Tao et al., 1998),
which in turn decreased the binding of MeCP2 to methylated CpGs
at the activity-dependent BDNF promoter IV (Aid et al., 2007), thus
facilitating BDNF transcription (Chen et al., 2003; Martinowich
et al., 2003). It has been recently shown that the loss of activity-
dependent phosphorylation of MeCP2 not only increased BDNF
exon IV expression but also improved synaptogenesis, long-term
potentiation (LTP) and spatial memory in mice (Li et al., 2011).
Taken together, the mechanism of epigenetic regulation of the
BDNF gene by the repressor MeCP2 suggests enhanced BDNF
expression in the absence of MeCP2. However, MeCP2 deficiency in
RTT, both in humans and mice, results in the down-regulation of
BDNF brain level (Chang et al., 2006). Moreover, the morphology of
MeCP2-deficient neurons has been shown to be rescued by BDNF
overexpression (Larimore et al., 2009). The complex multiple-
promoter structure of the BDNF gene itself would suggest a po-
tential mechanism for such discrepancy. Indeed, several recent
studies noted the importance of neuronal activity-dependent
transcription from the BDNF promoter I, one of the targets of a
neuronal gene repressor REST (RE1-silencing transcription factor,
also known as neuron-restrictive silencing factor, NRSF)
(Abuhatzira et al., 2007; Bruce et al., 2004; Hara et al., 2009; Tian
et al., 2009). Together, these studies support the idea that in
healthy mature neurons, the REST gene is essentially repressed by
MeCP2 and that transcription from both BDNF promoters I and IV is
actively but differentially regulated (Pruunsild et al., 2011). In
contrast, in the absence of MeCP2 in Rett syndrome, REST is over-
expressed, thus inhibiting the induction of BDNF I transcription in
response to neuronal activity (Abuhatzira et al., 2007; Hara et al.,
2009). Although a number of additional factors may be impli-
cated in neuropathology of MeCP2 deficiency, it would be of great
interest to determine whether deregulation of activity-dependent
transcription from the BDNF promoter I plays a key role in the
aberrant neuronal phenotypes observed in the patients with Rett
syndrome.
2.2. BDNF DNA methylation and neurological disorders
Neuronal activity induces dynamic DNA methylation changes in
the BDNF gene region. Increased DNA methylation at the promoter
area normally promotes a state of transcriptional repression
(Robertson and Wolffe, 2000; Suzuki and Bird, 2008) through
repressive chromatin remodeling governedmainly bymethyl-CpG-
binding proteins (Bird, 2002; Klose and Bird, 2006). Environmental
stimuli may alter the levels of DNA methylation and consequently
gene expression, generating long-lasting cellular memories. Inter-
estingly, dynamic demethylation specifically at the CREB-binding
site in the avian BDNF promoter region and elevated binding of
phospho-CREB to that promoter in the hypothalamus have been
associated with thermal conditioning during the critical period for
sensory development in chicks (Yossifoff et al., 2008). Associative
learning during fear conditioning promoted dynamic DNA
methylation at the BDNF locus in the hippocampus of adult rats
(Lubin et al., 2008). Importantly, differential activation of hippo-
campal BDNF exons I and IV via decreased DNA methylation has
been suggested to be a key mechanism in discriminating betweenassociative (fear conditioning) versus non-associative (context
learning) long-term memories (Lubin et al., 2008).
Emerging evidence suggests that elevated BDNF exon IV DNA
methylation is a mechanism for BDNF down-regulation in adverse
environmental circumstances. Traumatic stress experience, such as
continuous psychosocial stress, induced hypermethylation of the
BDNF IV region and reduced the BDNF expression in the dorsal CA1
area of the hippocampus in PTSD-like rats (Roth et al., 2011).
Increased DNA methylation at the BDNF promoter IV in the hip-
pocampus of adult mice has been correlated with depression-like
behavior (Onishchenko et al., 2008). Moreover, prolonged light
deprivation in adult rats induced repressive methylation at the
BDNF promoter IV both in the visual cortex and hippocampus
(Karpova et al., 2010), suggesting a molecular mechanism that may
predispose light-deprived animals to the depression-like behavior
and stress (Gonzalez and Aston-Jones, 2008). Furthermore, recent
findings on post-mortem brain samples from suicide completers
has revealed significant hypermethylation at specific CpG sites in
the BDNF IV region and a concomitant decrease in BDNFmessenger
RNA in theWernicke area comparedwith samples fromnonsuicidal
subjects (Keller et al., 2010). Changes in the genome-wide level of
DNA methylation have not been detected in suicide individuals,
implicating an epigenetic gene-specific pattern in the Wernicke
area in the pathology of suicide behavior (Keller et al., 2010).
Following these studies, it would be of interest to also investigate
the potential correlation between DNA methylation levels at the
BDNF promoter I in the brain and the development of neurological
diseases. Recently, Fuchikami et al. (2011) demonstrated that the
DNAmethylation profile of a CpG island at the BDNF promoter I, but
not IV, in human blood may serve as a valuable diagnostic tool for
major depressive disorder. This study suggests an important pros-
pect for identifying new epigenetic biomarkers of neuropsychiatric
disorders to improve the classification system, which is currently
based on clinical symptoms.
2.3. DNA methylation is reversible
Recent research highlights that the abnormal DNA methylation
found in numerous disorders of the nervous system may be
potentially responsive to environmental changes, such as nutrition,
physical activity or pharmacological treatments. Although DNA
methylation patterns at specific gene loci may remain stable over
long periods and serve as a basis for the development of the dis-
eases, DNA methylation is a dynamic and reversible process. DNA
demethylationmay be induced by inhibition ofmaintainingDNMT1
during mitotic DNA replication (Szyf, 2007). DNMT inhibitors, the
nucleoside analogues 5-aza-cytidine and 5-aza-2-deoxycytidine,
mimicked the behavioral effects of the antidepressant imipramine
in adult mice and rats through a dose-dependent inhibition of
BDNF DNA methylation in the hippocampus (Sales et al., 2011).
Moreover, the DNMT inhibitor zebularine has been shown to
induce exon-specific BDNF expression through DNA demethylation
mechanisms in the rat hippocampus (Lubin et al., 2008). In this
study, Lubin et al. (2008) implicated hippocampal NMDA receptor
activation in the epigenetic enhancement of BDNF transcription
and contextual fear memory because NMDA receptor blockade by
MK801 prevented decreased DNA methylation levels around the
BDNF promoter IV.
Although the DNMT inhibitors potentially implicate the dividing
glial cells and neurogenesis in reduction of DNA methylation
levels under some environmental conditions; however, rapid
demethylation of specific genes in the mammalian brain in
response to environmental signals is most likely to involve active
replication-independent mechanisms. Evidence for existence of a
specific DNA demethylase that may directly remove the methyl
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et al., 1999) and current knowledge suggests a key role of the
base excision repair machinery in active DNA demethylation (Zhu,
2009). Tet methylcytosine dioxygenases (TET) convert 5-mC to 5-
hmC, 5-hydroxymethylcytosine, that can be further deaminated
by AID/APOBEC, activation-induced cytidine deaminase/apolipo-
protein B mRNA editing enzyme catalytic polypeptide, to produce a
DNA mismatch that is then repaired by the base excision repair
machinery (Zhu, 2009). TET1 (Tahiliani et al., 2009) has been
recently shown to induce DNA demethylation specifically at the
neuronal activity-dependent BDNF and FGF1B promoters regions
through oxidation-deamination mechanism (Guo et al., 2011).
These studies highlight a potential sensitivity of BDNF expression to
altered environmental conditions through its dependence on
changes in oxygen levels.
A neural activity-dependent member of the DNA repair ma-
chinery, growth arrest DNA-damage-inducible beta (GADD45b),
has been implicated in the activity-induced site-specific removal of
methyl groups from the BDNF locus, neurogenesis and neural
plasticity (Gavin et al., 2012;Ma et al., 2009). Induction of GADD45b
by LY379268, a brain-permeable mGlu2/3 (metabotropic glutamate
receptor) agonist, reduced DNAmethylation levels at the promoters
of genes for reelin, BDNF and glutamate decarboxylase 67 and
reversed defects in social interaction in adult mice pretreated with
the methyl group donor (Matrisciano et al., 2011). These findings
implicated epigenetic mechanisms in the efficacy of the mGlu2/3
agonists as antipsychotic agents (Conn et al., 2009; Gewirtz and
Marek, 2000).
Age- or nutrition-associated decreases in nicotinamide adenine
dinucleotide (NAD) levels have been suggested to provide a critical
link between the decelerated cellular metabolism and decreased
BDNF signaling that might contribute to cognitive impairment
(Chang et al., 2010). Interestingly, in cortical neurons with low NAD
levels, the amount of DNA methylation has been elevated at the
BDNF promoter IV, leading to BDNF silencing, and, in contrast,
increased NAD concentration restored the BDNF level (Chang et al.,
2010). A critical role in the NAD-dependent regulation of BDNF
expression through chromatin remodeling has been attributed to
the binding of the DNA methylationesensitive factor CTCF associ-
ated with cohesin (Chang et al., 2010), mutations in which are
thought to trigger severe mental retardation (Dorsett, 2009).
Neuronal activity, stimulated by voluntary exercise, has been
associated with induced hypomethylation at the BDNF IV region
and increased BDNF expression via the MeCP2-dependent pathway
in adult rats (Gomez-Pinilla et al., 2011), underlining the potential
molecular mechanism for the positive effects of exercise on mental
health.
3. Histone modifications at BDNF promoters
Methylated DNA-binding proteins represent a direct link be-
tween DNA methylation and histone modifications. For instance,
MeCP2 recruits a co-repressor protein complex that contains
histone-modifying enzymes such as histone deacetylases (HDAC)
(Fig. 1). This complex leads to transcriptional silencing through the
formation of a “closed” local chromatin structure (Nan et al., 1997).
Nuclear DNA in eukaryotes is wrapped around the core nucleo-
somal complex consisting of a histone octamer (Kouzarides, 2007).
Histones are subjects to posttranslational covalent modifications,
the majority of which occur at the N-terminal unfolded tails of the
four core histones (H2A, H2B, H3 and H4). Distinct histone modi-
fications influence the accessibility of the transcription factors to
DNA by regulating the association of the histone tail with the ATP-
dependent chromatin remodeling complex (Kouzarides, 2007).
Moreover, the particular combinations of histone modificationsaround a gene form a “histone code” that specifies the time- and
cell type-dependent pattern of gene expression (Jenuwein and
Allis, 2001), resulting in a “loss-of-function” or “gain-of-function”
gene phenotype without alterations in the DNA sequence (Szyf,
2007). Generally, histone modifications are permissive or repres-
sive for gene transcription (Fig. 2). For instance, acetylation of ly-
sines (or “K” in the single amino-acid code) is associated with the
activation of gene transcription, whereas lysine methylationmostly
serves as a mark of gene silencing with the exception of modifi-
cations of a few specific lysines (Li et al., 2007).
3.1. BDNF activation through histone acetylation
Histone acetyl transferases (HATs) in a complex with their
cofactor (acetyl-coenzyme A) catalyze the lysine acetylation that
neutralizes the basic charge of tight DNA-histone interactions. In
contrast, histone deacetylases (HDACs) mediate the removal of the
acetylation mark, resulting in the formation of DNA that is less
accessible to transcription factors (Kouzarides, 2007; Lee and
Workman, 2007).
Drug abuse has been consistently shown to affect neuronal ac-
tivity through epigenetic mechanisms. Kumar et al. revealed
histone-specific acetylation in response to acute or chronic cocaine
administration. Acute cocaine increased histone H4 acetylation at
the cFos and FosB promoters, whereas chronic cocaine induced the
sustained acetylation of histone H3 at the BDNF and Cdk5 pro-
moters in the rat striatum (Kumar et al., 2005). This result was
similar to the effect of chronic electroconvulsive seizures in the
hippocampus (Tsankova et al., 2004). Activation of a permissive
chromatin state and phospho-CREB protein binding to the BDNF
promoter IV in the rat prefrontal cortex has been implicated in
cocaine-induced neuronal plasticity (Sadri-Vakili et al., 2010). In
contrast, cocaine abstinence promoted histone H3 acetylation and
the consequent increase in BDNF I transcription in the ventral
tegmental area (Schmidt et al., 2012). Epigenetic activation of the
BDNF I transcription level in the ventromedial prefrontal cortex
(vmPFC) through acetylation of histone H3 has been associated
with the successful extinction of aversive memories of morphine
withdrawal (Wang et al., 2012). The authors showed that extinction
training could be potentiated by an intra-vmPFC infusion of the
HDAC inhibitor trichostatin A (TSA) and by increased CREB protein
binding to the acetylated BDNF promoter (Wang et al., 2012).
Emerging evidence suggests that epigenetic reprogramming of
BDNF by chronic cocaine intake may not only alter neuronal and
behavioral phenotype in the cocaine-addicted male rats but also
could be transmitted to their next generation (Vassoler et al., 2013).
In this study, chronic cocaine induced histone H3 acetylation at the
BDNF promoters I, IV and VI in the sperm of addicted rats. Inter-
estingly, their male, but not female, offspring showed a cocaine-
resistant phenotype associated with the increased BDNF tran-
scription level and histone H3 acetylation specifically at the BDNF
promoter IV in the prefrontal cortex (Vassoler et al., 2013).
Although the mechanisms of conservation of this histone mark has
not been investigated and may involve additional epigenetic
changes in DNA/histone methylation (Santos et al., 2005) at the
BDNF locus, this study highlights a possibility for the trans-
generational maintenance of the BDNF epigenetic state.
Proper histone acetylation levels have been shown to affect LTP
and long-term memories (Alarcon et al., 2004). For instance,
increased histone H4 acetylation around BDNF promoters I and IV
in the prefrontal cortex contributed to improved extinction of
conditioned fear in mice (Bredy et al., 2007). Moreover, the HDAC
inhibitor valproic acid (VPA) enhanced not only the extinction of
cued fear memory but also its acquisition and reconsolidation
(Bredy and Barad, 2008). Interestingly, a single exposure to
Fig. 2. Histone modifications at BDNF promoters. Different environmental stimuli affect the DNA methylation pattern and lead to the formation of the repressive (more condensed)
or active (more open) chromatin structure, resulting in the decreased or increased gene transcription, respectively. Histone acetylation (open triangle) at lysine, K, is an epigenetic
imprint of transcriptionally active chromatin, whereas histone methylation (closed blue box) is mostly associated with repressed chromatin. Phosphorylation (patterned circle) at
serine, S, threonine, T, or tyrosine, Y, is generally linked to gene activation.
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lation of histones H3 and H4 at the activity-dependent BDNF pro-
moters I and IV and heightened the hippocampal levels of BDNF
transcription, thus strengthening the subsequent consolidation of
fear memories (Takei et al., 2011). This study suggests a molecular
mechanism for the elevated long-lasting traumatic fear memories
in patients with PTSD.
Recently, several studies have reported anHDAC inhibition effect
of some antidepressants as well as mood- and cognition-enhancing
effects of HDAC inhibitors. In particular, hyperacetylation at the
BDNF promoters IV and VI (nomenclature adapted to (Aid et al.,
2007)) and selective down-regulation of HDAC5 by the chronic tri-
cyclic antidepressant imipramine restored the hippocampal BDNF
expression, which had been decreased by chronic social defeat
stress in mice (Tsankova et al., 2006). Accordingly, the administra-
tion of the selective serotonin reuptake inhibitor (SSRI) fluoxetine to
adult mice promoted histone H3 acetylation at the promoter BDNF
IV and reversed depression-like behavior, which had been induced
by perinatal exposure to an environmental contaminant, methyl-
mercury (Onishchenko et al., 2008). Interestingly, neither imipra-
mine nor fluoxetine altered the repressive histone methylation
status induced by stressful conditions (Onishchenko et al., 2008;
Tsankova et al., 2006). Importantly, both fluoxetine and the HDAC
inhibitor TSAhave been shown to reactivate visual cortical plasticity
in adult rats, promoting a transient increase in BDNF expression
through histone hyperacetylation at its promoters (Maya
Vetencourt et al., 2011). This study also highlighted a critical role
for the 5-HT(1A) receptor and BDNF signaling pathway in estab-
lishing a plastic state in the visual cortex because local infusion of
the 5-HT(1A) receptor antagonist WAY-100635 into the visual
cortex prevented permissive histone remodeling at the BDNF pro-
moters and reactivation of visual cortical plasticity (Maya
Vetencourt et al., 2011).An epigenetic strategy for treating impaired synaptic plasticity
and cognitive declines during aging has been suggested by Zeng
et al. (2011). Using hippocampal slices from young and aged rats,
the authors showed a robust decline in LTP and dendritic spine
number and a significant decrease in BDNF expression and
signaling in aged animals. The reduction in BDNF coincided with
hypoacetylated states of histone H3 and/or H4 at essentially all
BDNF promoters. However, short-term treatment of hippocampal
slices with TSA or sodium butyrate not only promoted an increase
in H3/H4 acetylation levels but also restored the LTP and spine
density to the levels observed in young animals (Zeng et al., 2011). It
would be of great interest to investigate whether this enhanced
synaptic plasticity induced by acute HDAC inhibitors has a long-
lasting effect on cognitive improvement.
3.2. Histone methylation effects on BDNF expression
Histone methyltransferases (HMTs) and demethylases (HDMTs)
catalyze histone methylation and demethylation, respectively, at
lysine or arginine residues. Activation of gene transcription is
associated with increased methylation of histone H3 at lysine 4
(H3K4) and at lysine 36 (H3K36); however, the majority of other
methylation events at histone residues H3K9, H3K14, H3K27, and
H4K20 at gene promoters normally mediate transcriptional inac-
tivation (Kouzarides, 2007). For instance, incorporation of the
methyl moiety from a methyl-donor, S-adenosylmethionine, to
histone residues H3K27 and H3K4 is catalyzed by different HMT
complexes, the Polycomb (PcG) silencing complex and the Tri-
thorax (TrxG) activating complex, respectively (Papp and Muller,
2006). The tri-methylated H3K27me3 variant has been shown to
mediate transcriptional repression by inhibiting the deposition of
activating histone acetylation marks that are important to form an
“open” chromatin state (Schuettengruber et al., 2007).
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through repressive histone H3 methylation at the BDNF promoters
in rodent brains (Karpova et al., 2010; Onishchenko et al., 2008;
Tsankova et al., 2006). In contrast, a positive environmental influ-
ence, such as environmental enrichment, has been shown to pro-
duce opposite changes. Indeed, 3e4weeks of mouse exposure to an
enriched environment significantly increased hippocampal BDNF
expression through complex histone remodeling at its promoters
(Kuzumaki et al., 2011). Activating histone marks (methylated
H3K4) at promoters III and VI were elevated, whereas repressive
methylation of H3K9 and H3K27 were markedly decreased at
promoters III and/or IV (Kuzumaki et al., 2011). Complex regulation
of BDNF and other plasticity-related genes levels by histone
methylation has been critically involved in fear memory formation
(Gupta et al., 2010), implicating the G9a/GLP histone methyl-
transferase complex in the regulation of neuronal connectivity
during the consolidation of long-term fear memories (Gupta-
Agarwal et al., 2012). Interestingly, viral overexpression of the
HMT G9a in the critical brain reward region, the nucleus accum-
bens, after chronic cocaine administration repressed local BDNF
signaling and rendered mice less vulnerable to subsequent stress
(Covington et al., 2011), see also (Maze et al., 2010). In contrast,
acute nicotine exposure significantly down-regulated the G9a/GLP
complex in the mouse cortex and, subsequently, reduced the
H3K9me2 histone mark at the BDNF promoters, thus activating
BDNF expression (Chase and Sharma, 2012). Gaining more insight
into the mechanisms of action of the HMT complex G9a/GLP couldFig. 3. Post-transcriptional regulation of BDNF transcripts. Nucleus: Structure of the rodent
VIII (open boxes) and one coding exon IX (gray box). ATG, start codon that indicates initiatio
tail. Cytoplasm: Different BDNF transcripts are translated into protein or targeted to the
dendritic targeting may be regulated by the inhibitory or permissive signals (located in exons
complex). Particular microRNAs binding to the BDNF 30-UTR may result in the repression of
or in the BDNF transcripts degradation.identify new potential therapeutic targets for treatments of mood
and addictive disorders.
4. Post-transcriptional regulation of BDNF mRNA levels and
trafficking
Rapid synapse-specific responses to environmental stimuli have
a critical role in the fine tuning of neuronal plasticity. Activity-
dependent mRNA targeting and protein synthesis in dendrites
suggest a mechanism for rapid local regulation of the activity of
plasticity-related molecules such as BDNF (Bramham and Wells,
2007; Tongiorgi et al., 1997). The multiple-promoter structure of
BDNF and BDNF splice variants with different 50 and 30-UTRs (Fig. 3)
serve as excellent and complex cellular tools not only for the
temporal neuronal response to distinct stimulating cues but also for
the differential spatial distribution of BDNF transcripts (Aid et al.,
2007; An et al., 2008; Chiaruttini et al., 2008, 2009; Pruunsild
et al., 2007).
4.1. 50-Exons mediated BDNF mRNA trafficking
Studies in neuronal culture showed that BDNF transcripts tar-
geting to dendrites might be promoted by a constitutively active
element in the protein-coding region, while multiple 50-UTRs with
either inhibitory or permissive signals for dendritic targeting
controlled the transcript-selective trafficking (Chiaruttini et al.,
2009). Indeed, BDNF splice variants with exons I and IV wereBDNF gene (adapted from Aid et al., 2007) consists of multiple 50 untranslated exons Ie
n of transcription. 30-UTR of BDNF transcripts is composed of either short or long polyA
distal cellular compartments (distal dendrites) for the local translation later on. The
), short or long 30-UTRs and multiple regulatory microRNAs (bound to the Ago2-protein
the local translation into BDNF protein and, thus, in dendritic targeting of BDNF mRNAs
N.N. Karpova / Neuropharmacology 76 (2014) 709e718 715restricted to the proximal dendrites and cell soma, whereas tran-
scripts containing exon II or IV were found in more distal cellular
compartments (Chiaruttini et al., 2008, 2009). Moreover, dendritic
targeting through a constitutively active element in the coding
region was mediated by an RNA-binding protein Translin, and its
interaction with BDNF mRNA was blocked by the G196A (or
Val66Met) mutation (Chiaruttini et al., 2009). Thus, in addition to
the impaired BDNF protein vesicular release for the Val66Met
polymorphism (Chen et al., 2005), this mutation may also
compromise mRNA trafficking to distal dendrites. These findings
implicate improper BDNF sorting in the learning and memory im-
pairments and susceptibility to mood disorders of Met allele car-
riers (Chen et al., 2006; Krishnan et al., 2007; Soliman et al., 2010).
4.2. BDNF dendritic targeting by its 30-UTR
The activity-dependent trafficking of specific BDNF transcripts is
further regulated by the inducible signals located in the 30-UTR.
BDNF mRNAs with the short 30-UTR have been shown to be mostly
concentrated and translated in the cell soma to maintain the basal
level of the BDNF protein. In contrast, the long 30-UTR-containing
transcripts were targeted to dendrites, where their translation may
be robustly up-regulated upon neuronal activation (An et al., 2008;
Lau et al., 2010). Importantly, targeting to dendrites appears to be
associated with the cis-acting translation suppressor located in the
long BDNF 30-UTR (Lau et al., 2010). Furthermore, different types of
environmental stimuli, such as KCl-induced depolarization in rat
hippocampal neurons, have also been shown to activate the den-
dritic trafficking of the transcripts with the short 30-UTR (Oe and
Yoneda, 2010). A novel critical link between BDNF and energy
balance has been determined by Liao et al. (2012). The researchers
showed that the local dendritic translation of BDNF mRNAwith the
long 30-UTR could be stimulated by leptin and insulin in rodent
hypothalamic neurons. This study implicated dendritic localization
and local BDNF protein synthesis in the control of feeding behavior
and susceptibility to obesity (Liao et al., 2012).
4.3. MicroRNA control of BDNF transcripts
Local dendritic translation and mRNA stability are primarily
thought to be regulated bymicroRNAs (Fig. 3). The BDNF 30-UTR has
been predicted to contain up to 20 binding sites for microRNAs
from 13 families (Wu et al., 2010). Key components of themicroRNA
maturation machinery offer a tool for modulating BDNF expression.
In the nucleus, the long hairpin-containing transcript for microRNA
is processed by RNase III Drosha into double-stranded pre-micro-
RNA that is exported to the cytoplasm (Heo and Kim, 2009). In the
cytoplasm, RNase III Dicer cleaves and removes the hairpin loop
and processes the pre-microRNA into 21- to 23-nucleotide du-
plexes, generating mature microRNAs. Then, mature microRNAs in
a complex with the Argonaute protein bind to the targeted mRNAs
in a sequence-specific manner to cleave them or suppress their
translation (Bartel, 2009). A conditional knockout of the Dicer1
gene in an adult mouse forebrain produced a massive loss of the
brain-specific microRNAs, resulting in increased BDNF translation,
spine morphogenesis and memory enhancement (Konopka et al.,
2010). Moreover, huntingtin, a key protein implicated in the path-
ogenesis of Huntington’s disease, has been shown to be associated
with the transporting neuronal granules that contain BDNF mRNA
and the Argonaute2 complex (Ma et al., 2010). Although more
in vivo data are required, this finding suggests a role of huntingtin
and/or the microRNA processing complex-mediated transport of
BDNF transcripts in the development of Huntington’s disease.
The effect of particular microRNAs in the post-transcriptional
control of BDNF expression is now beginning to be elucidated(Caputo et al., 2011; Lee et al., 2012; Miura et al., 2012), and an
inspiring strategy for treatments of specific neurological disorders
has already been suggested. Indeed, the repressive function of a
microRNA, miR-206, on BDNF expression through binding its 30-
UTR (Miura et al., 2012) has been up-regulated in Alzheimer dis-
ease, both in a transgenic Tg2576 mouse model and in humans (Lee
et al., 2012). However, intra-ventricle injection or intra-nasal
administration of an antagomir (AM206, an inhibitor of miR-206)
not only increased the BDNF levels in the brains of the Tg2576
mice but also prevented dendritic spine degeneration and memory
impairments (Lee et al., 2012). This study suggests the possibility of
using non-invasive approaches to treat such devastating neurode-
generative disorders as Alzheimer disease.
5. Conclusions
The BDNF gene is regulated by neural activity in a temporal and
spatial manner. The cellular-compartment, cell-type and tissue-
specific epigenetic pattern of the BDNF gene critically differs from
that of its genetic polymorphisms. The studies exploring the gain-
of-function (e.g., systemic/local overexpression) or loss-of-
function (e.g., full/conditional knockout) methodologies do not
provide complete information about the role of BDNF in active
processes in the brain, such as neuronal differentiation or survival,
migration or spine development (Hong et al., 2008). Acquiring
better knowledge on the epigenetic regulation of such a complex-
structured gene as BDNF would promote the development of
more safe and effective treatments for neurological and psychiatric
disorders.
The epigenetic state of the BDNF gene might not necessarily
change its expression levels at a given time point butmay underline
a predisposition to mood, addictive or neurodegenerative disor-
ders, as well as non-responsiveness to treatment strategies, when
triggered by aversive environmental conditions. The epigenome is
dynamic and specific environmental manipulations, such as phar-
macological or psychological (behavioral in animals) therapies,
could direct the epigenetic reprogramming of a disease state to-
ward recovery. It’s important to warn, however, that current
epigenetic pharmacological treatments affect the functioning of the
whole epigenome. Although the use of the epigenetic drugs such as
DNMT, HDAC or microRNA inhibitors is growing, the selectivity of
these drugs in restoring the epigenetic pattern of only the partic-
ular genes implicated in the pathogenesis of disease is largely un-
studied at this point. To prevent potential harmful (cytotoxic or
carcinogenic) effects of these drugs on cell/tissue functioning
throughout the body, thorough research should be performed to
discover therapeutically beneficial agents with limited side effects.
Acknowledgments
Author is grateful to Dr. Eero Castrén for planning the manu-
script and Dr. Marie-Estelle Hokkanen for the valuable discussion.
Author received salary support from the Neuroscience Centre,
University of Helsinki.
References
Abidin, I., Kohler, T., Weiler, E., Zoidl, G., Eysel, U.T., Lessmann, V., Mittmann, T.,
2006. Reduced presynaptic efficiency of excitatory synaptic transmission im-
pairs LTP in the visual cortex of BDNF-heterozygous mice. Eur. J. Neurosci. 24,
3519e3531.
Abidin, I., Eysel, U.T., Lessmann, V., Mittmann, T., 2008. Impaired GABAergic inhi-
bition in the visual cortex of brain-derived neurotrophic factor heterozygous
knockout mice. J. Physiol. 586, 1885e1901.
Abuhatzira, L., Makedonski, K., Kaufman, Y., Razin, A., Shemer, R., 2007. MeCP2
deficiency in the brain decreases BDNF levels by REST/CoREST-mediated
repression and increases TRKB production. Epigenetics 2, 214e222.
N.N. Karpova / Neuropharmacology 76 (2014) 709e718716Aid, T., Kazantseva, A., Piirsoo, M., Palm, K., Timmusk, T., 2007. Mouse and rat BDNF
gene structure and expression revisited. J. Neurosci. Res. 85, 525e535.
Alarcon, J.M., Malleret, G., Touzani, K., Vronskaya, S., Ishii, S., Kandel, E.R., Barco, A.,
2004. Chromatin acetylation, memory, and LTP are impaired in CBPþ/ mice: a
model for the cognitive deficit in Rubinstein-Taybi syndrome and its amelio-
ration. Neuron 42, 947e959.
Amir, R.E., Van den Veyver, I.B., Wan, M., Tran, C.Q., Francke, U., Zoghbi, H.Y., 1999.
Rett syndrome is caused by mutations in X-linked MECP2, encoding methyl-
CpG-binding protein 2. Nat. Genet. 23, 185e188.
An, J.J., Gharami, K., Liao, G.Y., Woo, N.H., Lau, A.G., Vanevski, F., Torre, E.R.,
Jones, K.R., Feng, Y., Lu, B., Xu, B., 2008. Distinct role of long 30 UTR BDNF mRNA
in spine morphology and synaptic plasticity in hippocampal neurons. Cell 134,
175e187.
Autry, A.E., Monteggia, L.M., 2012. Brain-derived neurotrophic factor and neuro-
psychiatric disorders. Pharmacol. Rev. 64, 238e258.
Ballas, N., Lioy, D.T., Grunseich, C., Mandel, G., 2009. Non-cell autonomous influence
of MeCP2-deficient glia on neuronal dendritic morphology. Nat. Neurosci. 12,
311e317.
Bartel, D.P., 2009. MicroRNAs: target recognition and regulatory functions. Cell 136,
215e233.
Bhattacharya, S.K., Ramchandani, S., Cervoni, N., Szyf, M., 1999. A mammalian
proteinwith specific demethylase activity for mCpG DNA. Nature 397, 579e583.
Bird, A., 2002. DNA methylation patterns and epigenetic memory. Genes Dev. 16,
6e21.
Bird, A., 2007. Perceptions of epigenetics. Nature 447, 396e398.
Bird, A., Taggart, M., Frommer, M., Miller, O.J., Macleod, D., 1985. A fraction of the
mouse genome that is derived from islands of nonmethylated, CpG-rich DNA.
Cell 40, 91e99.
Boulle, F., van den Hove, D.L., Jakob, S.B., Rutten, B.P., Hamon, M., van Os, J.,
Lesch, K.P., Lanfumey, L., Steinbusch, H.W., Kenis, G., 2012. Epigenetic regulation
of the BDNF gene: implications for psychiatric disorders. Mol. Psychiatry 17,
584e596.
Bramham, C.R., Wells, D.G., 2007. Dendritic mRNA: transport, translation and
function. Nat. Rev. Neurosci. 8, 776e789.
Bredy, T.W., Barad, M., 2008. The histone deacetylase inhibitor valproic acid en-
hances acquisition, extinction, and reconsolidation of conditioned fear. Learn.
Mem. 15, 39e45.
Bredy, T.W., Wu, H., Crego, C., Zellhoefer, J., Sun, Y.E., Barad, M., 2007. Histone
modifications around individual BDNF gene promoters in prefrontal cortex are
associated with extinction of conditioned fear. Learn. Mem. 14, 268e276.
Bruce, A.W., Donaldson, I.J., Wood, I.C., Yerbury, S.A., Sadowski, M.I., Chapman, M.,
Gottgens, B., Buckley, N.J., 2004. Genome-wide analysis of repressor element 1
silencing transcription factor/neuron-restrictive silencing factor (REST/NRSF)
target genes. Proc. Natl. Acad. Sci. U. S. A. 101, 10458e10463.
Caputo, V., Sinibaldi, L., Fiorentino, A., Parisi, C., Catalanotto, C., Pasini, A., Cogoni, C.,
Pizzuti, A., 2011. Brain derived neurotrophic factor (BDNF) expression is regu-
lated by microRNAs miR-26a and miR-26b allele-specific binding. PLoS One 6,
e28656.
Chang, J., Zhang, B., Heath, H., Galjart, N., Wang, X., Milbrandt, J., 2010. Nicotinamide
adenine dinucleotide (NAD)-regulated DNA methylation alters CCCTC-binding
factor (CTCF)/cohesin binding and transcription at the BDNF locus. Proc. Natl.
Acad. Sci. U. S. A. 107, 21836e21841.
Chang, Q., Khare, G., Dani, V., Nelson, S., Jaenisch, R., 2006. The disease progression
of Mecp2 mutant mice is affected by the level of BDNF expression. Neuron 49,
341e348.
Chase, K.A., Sharma, R.P., 2012. Nicotine induces chromatin remodelling through
decreases in the methyltransferases GLP, G9a, Setdb1 and levels of H3K9me2.
Int. J. Neuropsychopharmacol., 1e10.
Chen, R.Z., Akbarian, S., Tudor, M., Jaenisch, R., 2001. Deficiency of methyl-CpG
binding protein-2 in CNS neurons results in a Rett-like phenotype in mice.
Nat. Genet. 27, 327e331.
Chen, W.G., Chang, Q., Lin, Y., Meissner, A., West, A.E., Griffith, E.C., Jaenisch, R.,
Greenberg, M.E., 2003. Derepression of BDNF transcription involves calcium-
dependent phosphorylation of MeCP2. Science 302, 885e889.
Chen, Z.Y., Ieraci, A., Teng, H., Dall, H., Meng, C.X., Herrera, D.G., Nykjaer, A.,
Hempstead, B.L., Lee, F.S., 2005. Sortilin controls intracellular sorting of brain-
derived neurotrophic factor to the regulated secretory pathway. J. Neurosci.
25, 6156e6166.
Chen, Z.Y., Jing, D., Bath, K.G., Ieraci, A., Khan, T., Siao, C.J., Herrera, D.G., Toth, M.,
Yang, C., McEwen, B.S., et al., 2006. Genetic variant BDNF (Val66Met) poly-
morphism alters anxiety-related behavior. Science 314, 140e143.
Chiaruttini, C., Sonego, M., Baj, G., Simonato, M., Tongiorgi, E., 2008. BDNF mRNA
splice variants display activity-dependent targeting to distinct hippocampal
laminae. Mol. Cell. Neurosci. 37, 11e19.
Chiaruttini, C., Vicario, A., Li, Z., Baj, G., Braiuca, P., Wu, Y., Lee, F.S., Gardossi, L.,
Baraban, J.M., Tongiorgi, E., 2009. Dendritic trafficking of BDNF mRNA is
mediated by translin and blocked by the G196A (Val66Met) mutation. Proc.
Natl. Acad. Sci. U. S. A. 106, 16481e16486.
Conn, P.J., Lindsley, C.W., Jones, C.K., 2009. Activation of metabotropic glutamate
receptors as a novel approach for the treatment of schizophrenia. Trends
Pharmacol. Sci. 30, 25e31.
Covington 3rd, H.E., Maze, I., Sun, H., Bomze, H.M., DeMaio, K.D., Wu, E.Y.,
Dietz, D.M., Lobo, M.K., Ghose, S., Mouzon, E., et al., 2011. A role for repressive
histone methylation in cocaine-induced vulnerability to stress. Neuron 71,
656e670.Dani, V.S., Chang, Q., Maffei, A., Turrigiano, G.G., Jaenisch, R., Nelson, S.B., 2005.
Reduced cortical activity due to a shift in the balance between excitation and
inhibition in a mouse model of Rett syndrome. Proc. Natl. Acad. Sci. U. S. A. 102,
12560e12565.
Diaz de Leon-Guerrero, S., Pedraza-Alva, G., Perez-Martinez, L., 2011. In sickness and
in health: the role of methyl-CpG binding protein 2 in the central nervous
system. Eur. J. Neurosci. 33, 1563e1574.
Dorsett, D., 2009. Cohesin, gene expression and development: lessons from
Drosophila. Chromosome Res. 17, 185e200.
Erickson, K.I., Miller, D.L., Roecklein, K.A., 2012. The aging hippocampus: in-
teractions between exercise, depression, and BDNF. Neuroscientist 18, 82e97.
Frielingsdorf, H., Bath, K.G., Soliman, F., Difede, J., Casey, B.J., Lee, F.S., 2012. Variant
brain-derived neurotrophic factor Val66Met endophenotypes: implications for
posttraumatic stress disorder. Ann. N. Y. Acad. Sci. 1208, 150e157.
Fuchikami, M., Morinobu, S., Segawa, M., Okamoto, Y., Yamawaki, S., Ozaki, N.,
Inoue, T., Kusumi, I., Koyama, T., Tsuchiyama, K., Terao, T., 2011. DNA methyl-
ation profiles of the brain-derived neurotrophic factor (BDNF) gene as a potent
diagnostic biomarker in major depression. PLoS One 6, e23881.
Gavin, D.P., Sharma, R.P., Chase, K.A., Matrisciano, F., Dong, E., Guidotti, A., 2012.
Growth arrest and DNA-damage-inducible, beta (GADD45b)-mediated DNA
demethylation in major psychosis. Neuropsychopharmacology 37, 531e542.
Gewirtz, J.C., Marek, G.J., 2000. Behavioral evidence for interactions between a
hallucinogenic drug and group II metabotropic glutamate receptors. Neuro-
psychopharmacology 23, 569e576.
Gomez-Pinilla, F., Zhuang, Y., Feng, J., Ying, Z., Fan, G., 2011. Exercise impacts brain-
derived neurotrophic factor plasticity by engaging mechanisms of epigenetic
regulation. Eur. J. Neurosci. 33, 383e390.
Gonzalez, M.M., Aston-Jones, G., 2008. Light deprivation damages monoamine
neurons and produces a depressive behavioral phenotype in rats. Proc. Natl.
Acad. Sci. U. S. A. 105, 4898e4903.
Guo, J.U., Su, Y., Zhong, C., Ming, G.L., Song, H., 2011. Hydroxylation of 5-
methylcytosine by TET1 promotes active DNA demethylation in the adult
brain. Cell 145, 423e434.
Gupta-Agarwal, S., Franklin, A.V., Deramus, T., Wheelock, M., Davis, R.L.,
McMahon, L.L., Lubin, F.D., 2012. G9a/GLP histone lysine dimethyltransferase
complex activity in the hippocampus and the entorhinal cortex is required for
gene activation and silencing during memory consolidation. J. Neurosci. 32,
5440e5453.
Gupta, S., Kim, S.Y., Artis, S., Molfese, D.L., Schumacher, A., Sweatt, J.D., Paylor, R.E.,
Lubin, F.D., 2010. Histone methylation regulates memory formation. J. Neurosci.
30, 3589e3599.
Guy, J., Hendrich, B., Holmes, M., Martin, J.E., Bird, A., 2001. A mouse Mecp2-null
mutation causes neurological symptoms that mimic Rett syndrome. Nat.
Genet. 27, 322e326.
Hagberg, B., Aicardi, J., Dias, K., Ramos, O., 1983. A progressive syndrome of autism,
dementia, ataxia, and loss of purposeful hand use in girls: Rett’s syndrome:
report of 35 cases. Ann. Neurol. 14, 471e479.
Hall, J., Thomas, K.L., Everitt, B.J., 2000. Rapid and selective induction of BDNF
expression in the hippocampus during contextual learning. Nat. Neurosci. 3,
533e535.
Hara, D., Fukuchi, M., Miyashita, T., Tabuchi, A., Takasaki, I., Naruse, Y., Mori, N.,
Kondo, T., Tsuda, M., 2009. Remote control of activity-dependent BDNF gene
promoter-I transcription mediated by REST/NRSF. Biochem. Biophys. Res.
Commun. 384, 506e511.
Heo, I., Kim, V.N., 2009. Regulating the regulators: posttranslational modifications
of RNA silencing factors. Cell 139, 28e31.
Hong, E.J., McCord, A.E., Greenberg, M.E., 2008. A biological function for the
neuronal activity-dependent component of Bdnf transcription in the develop-
ment of cortical inhibition. Neuron 60, 610e624.
Jenuwein, T., Allis, C.D., 2001. Translating the histone code. Science 293, 1074e1080.
Jones, K.R., Farinas, I., Backus, C., Reichardt, L.F., 1994. Targeted disruption of the
BDNF gene perturbs brain and sensory neuron development but not motor
neuron development. Cell 76, 989e999.
Karpova, N.N., Rantamaki, T., Di Lieto, A., Lindemann, L., Hoener, M.C., Castren, E.,
2010. Darkness reduces BDNF expression in the visual cortex and induces
repressive chromatin remodeling at the BDNF gene in both hippocampus and
visual cortex. Cell. Mol. Neurobiol. 30, 1117e1123.
Keller, S., Sarchiapone, M., Zarrilli, F., Videtic, A., Ferraro, A., Carli, V., Sacchetti, S.,
Lembo, F., Angiolillo, A., Jovanovic, N., et al., 2010. Increased BDNF promoter
methylation in the Wernicke area of suicide subjects. Arch. Gen. Psychiatry 67,
258e267.
Kishi, N., Macklis, J.D., 2004. MECP2 is progressively expressed in post-migratory
neurons and is involved in neuronal maturation rather than cell fate de-
cisions. Mol. Cell. Neurosci. 27, 306e321.
Klose, R.J., Bird, A.P., 2006. Genomic DNA methylation: the mark and its mediators.
Trends Biochem. Sci. 31, 89e97.
Konopka, W., Kiryk, A., Novak, M., Herwerth, M., Parkitna, J.R., Wawrzyniak, M.,
Kowarsch, A., Michaluk, P., Dzwonek, J., Arnsperger, T., et al., 2010. MicroRNA
loss enhances learning and memory in mice. J. Neurosci. 30, 14835e14842.
Kouzarides, T., 2007. Chromatin modifications and their function. Cell 128,
693e705.
Krishnan, V., Han, M.H., Graham, D.L., Berton, O., Renthal, W., Russo, S.J., Laplant, Q.,
Graham, A., Lutter, M., Lagace, D.C., et al., 2007. Molecular adaptations under-
lying susceptibility and resistance to social defeat in brain reward regions. Cell
131, 391e404.
N.N. Karpova / Neuropharmacology 76 (2014) 709e718 717Kumar, A., Choi, K.H., Renthal, W., Tsankova, N.M., Theobald, D.E., Truong, H.T.,
Russo, S.J., Laplant, Q., Sasaki, T.S., Whistler, K.N., et al., 2005. Chromatin
remodeling is a key mechanism underlying cocaine-induced plasticity in
striatum. Neuron 48, 303e314.
Kuzumaki, N., Ikegami, D., Tamura, R., Hareyama, N., Imai, S., Narita, M., Torigoe, K.,
Niikura, K., Takeshima, H., Ando, T., et al., 2011. Hippocampal epigenetic
modification at the brain-derived neurotrophic factor gene induced by an
enriched environment. Hippocampus 21, 127e132.
Larimore, J.L., Chapleau, C.A., Kudo, S., Theibert, A., Percy, A.K., Pozzo-Miller, L.,
2009. Bdnf overexpression in hippocampal neurons prevents dendritic atrophy
caused by Rett-associated MECP2 mutations. Neurobiol. Dis. 34, 199e211.
Lau, A.G., Irier, H.A., Gu, J., Tian, D., Ku, L., Liu, G., Xia, M., Fritsch, B., Zheng, J.Q.,
Dingledine, R., et al., 2010. Distinct 3’UTRs differentially regulate activity-
dependent translation of brain-derived neurotrophic factor (BDNF). Proc. Natl.
Acad. Sci. U. S. A. 107, 15945e15950.
Lee, K.K., Workman, J.L., 2007. Histone acetyltransferase complexes: one size
doesn’t fit all. Nat. Rev. Mol. Cell. Biol. 8, 284e295.
Lee, S.T., Chu, K., Jung, K.H., Kim, J.H., Huh, J.Y., Yoon, H., Park, D.K., Lim, J.Y., Kim, J.M.,
Jeon, D., et al., 2012. miR-206 regulates brain-derived neurotrophic factor in
Alzheimer disease model. Ann. Neurol. 72, 269e277.
Levenson, J.M., Roth, T.L., Lubin, F.D., Miller, C.A., Huang, I.C., Desai, P., Malone, L.M.,
Sweatt, J.D., 2006. Evidence that DNA (cytosine-5) methyltransferase regulates
synaptic plasticity in the hippocampus. J. Biol. Chem. 281, 15763e15773.
Li, B., Carey, M., Workman, J.L., 2007. The role of chromatin during transcription. Cell
128, 707e719.
Li, H., Zhong, X., Chau, K.F., Williams, E.C., Chang, Q., 2011. Loss of activity-induced
phosphorylation of MeCP2 enhances synaptogenesis, LTP and spatial memory.
Nat. Neurosci. 14, 1001e1008.
Liao, G.Y., An, J.J., Gharami, K., Waterhouse, E.G., Vanevski, F., Jones, K.R., Xu, B., 2012.
Dendritically targeted Bdnf mRNA is essential for energy balance and response
to leptin. Nat. Med. 18, 564e571.
Lister, R., Ecker, J.R., 2009. Finding the fifth base: genome-wide sequencing of
cytosine methylation. Genome Res. 19, 959e966.
Liu, Q.R., Walther, D., Drgon, T., Polesskaya, O., Lesnick, T.G., Strain, K.J., de
Andrade, M., Bower, J.H., Maraganore, D.M., Uhl, G.R., 2005. Human brain
derived neurotrophic factor (BDNF) genes, splicing patterns, and assessments of
associations with substance abuse and Parkinson’s Disease. Am. J. Med. Genet. B
Neuropsychiatr. Genet. 134B, 93e103.
Lubin, F.D., Roth, T.L., Sweatt, J.D., 2008. Epigenetic regulation of BDNF gene tran-
scription in the consolidation of fear memory. J. Neurosci. 28, 10576e10586.
Luikenhuis, S., Giacometti, E., Beard, C.F., Jaenisch, R., 2004. Expression of MeCP2 in
postmitotic neurons rescues Rett syndrome in mice. Proc. Natl. Acad. Sci. U. S. A.
101, 6033e6038.
Ma, B., Culver, B.P., Baj, G., Tongiorgi, E., Chao, M.V., Tanese, N., 2010. Localization of
BDNF mRNA with the Huntington’s disease protein in rat brain. Mol. Neuro-
degener. 5, 22.
Ma, D.K., Jang, M.H., Guo, J.U., Kitabatake, Y., Chang, M.L., Pow-Anpongkul, N.,
Flavell, R.A., Lu, B., Ming, G.L., Song, H., 2009. Neuronal activity-induced
Gadd45b promotes epigenetic DNA demethylation and adult neurogenesis.
Science 323, 1074e1077.
Maezawa, I., Swanberg, S., Harvey, D., LaSalle, J.M., Jin, L.W., 2009. Rett syndrome
astrocytes are abnormal and spread MeCP2 deficiency through gap junctions.
J. Neurosci. 29, 5051e5061.
Mahan, A.L., Ressler, K.J., 2012. Fear conditioning, synaptic plasticity and the
amygdala: implications for posttraumatic stress disorder. Trends Neurosci. 35,
24e35.
Martinowich, K., Hattori, D., Wu, H., Fouse, S., He, F., Hu, Y., Fan, G., Sun, Y.E., 2003.
DNA methylation-related chromatin remodeling in activity-dependent BDNF
gene regulation. Science 302, 890e893.
Matrisciano, F., Dong, E., Gavin, D.P., Nicoletti, F., Guidotti, A., 2011. Activation of
group II metabotropic glutamate receptors promotes DNA demethylation in the
mouse brain. Mol. Pharmacol. 80, 174e182.
Maya Vetencourt, J.F., Tiraboschi, E., Spolidoro, M., Castren, E., Maffei, L., 2011. Se-
rotonin triggers a transient epigenetic mechanism that reinstates adult visual
cortex plasticity in rats. Eur. J. Neurosci. 33, 49e57.
Maze, I., Covington 3rd, H.E., Dietz, D.M., LaPlant, Q., Renthal, W., Russo, S.J.,
Mechanic, M., Mouzon, E., Neve, R.L., Haggarty, S.J., et al., 2010. Essential role of
the histone methyltransferase G9a in cocaine-induced plasticity. Science 327,
213e216.
Miura, P., Amirouche, A., Clow, C., Belanger, G., Jasmin, B.J., 2012. Brain-derived
neurotrophic factor expression is repressed during myogenic differentiation by
miR-206. J. Neurochem. 120, 230e238.
Moretti, P., Zoghbi, H.Y., 2006. MeCP2 dysfunction in Rett syndrome and related
disorders. Curr. Opin. Genet. Dev. 16, 276e281.
Nan, X., Campoy, F.J., Bird, A., 1997. MeCP2 is a transcriptional repressor with
abundant binding sites in genomic chromatin. Cell 88, 471e481.
Nelson, E.D., Kavalali, E.T., Monteggia, L.M., 2008. Activity-dependent suppression of
miniature neurotransmission through the regulation of DNA methylation.
J. Neurosci. 28, 395e406.
Ng, H.H., Jeppesen, P., Bird, A., 2000. Active repression of methylated genes by the
chromosomal protein MBD1. Mol. Cell. Biol. 20, 1394e1406.
Ng, H.H., Zhang, Y., Hendrich, B., Johnson, C.A., Turner, B.M., Erdjument-Bromage, H.,
Tempst, P., Reinberg, D., Bird, A., 1999. MBD2 is a transcriptional repressor
belonging to the MeCP1 histone deacetylase complex. Nat. Genet. 23, 58e61.Oe, S., Yoneda, Y., 2010. Cytoplasmic polyadenylation element-like sequences are
involved in dendritic targeting of BDNF mRNA in hippocampal neurons. FEBS
Lett. 584, 3424e3430.
Onishchenko, N., Karpova, N., Sabri, F., Castren, E., Ceccatelli, S., 2008. Long-
lasting depression-like behavior and epigenetic changes of BDNF gene
expression induced by perinatal exposure to methylmercury. J. Neurochem.
106, 1378e1387.
Papp, B., Muller, J., 2006. Histone trimethylation and the maintenance of tran-
scriptional ON and OFF states by trxG and PcG proteins. Genes Dev. 20, 2041e
2054.
Prokhortchouk, A., Hendrich, B., Jorgensen, H., Ruzov, A., Wilm, M., Georgiev, G.,
Bird, A., Prokhortchouk, E., 2001. The p120 catenin partner Kaiso is a DNA
methylation-dependent transcriptional repressor. Genes Dev. 15, 1613e1618.
Pruunsild, P., Kazantseva, A., Aid, T., Palm, K., Timmusk, T., 2007. Dissecting the
human BDNF locus: bidirectional transcription, complex splicing, and multiple
promoters. Genomics 90, 397e406.
Pruunsild, P., Sepp, M., Orav, E., Koppel, I., Timmusk, T., 2011. Identification of cis-
elements and transcription factors regulating neuronal activity-dependent
transcription of human BDNF gene. J. Neurosci. 31, 3295e3308.
Reamon-Buettner, S.M., Borlak, J., 2007. A new paradigm in toxicology and tera-
tology: altering gene activity in the absence of DNA sequence variation. Reprod.
Toxicol. 24, 20e30.
Robertson, K.D., Wolffe, A.P., 2000. DNA methylation in health and disease. Nat. Rev.
Genet. 1, 11e19.
Roth, T.L., Sweatt, J.D., 2010. Epigenetic marking of the BDNF gene by early-life
adverse experiences. Horm. Behav. 59, 315e320.
Roth, T.L., Zoladz, P.R., Sweatt, J.D., Diamond, D.M., 2011. Epigenetic modification of
hippocampal Bdnf DNA in adult rats in an animal model of post-traumatic
stress disorder. J. Psychiatr. Res. 45, 919e926.
Sadri-Vakili, G., Kumaresan, V., Schmidt, H.D., Famous, K.R., Chawla, P.,
Vassoler, F.M., Overland, R.P., Xia, E., Bass, C.E., Terwilliger, E.F., et al., 2010.
Cocaine-induced chromatin remodeling increases brain-derived neurotrophic
factor transcription in the rat medial prefrontal cortex, which alters the rein-
forcing efficacy of cocaine. J. Neurosci. 30, 11735e11744.
Sales, A.J., Biojone, C., Terceti, M.S., Guimaraes, F.S., Gomes, M.V., Joca, S.R., 2011.
Antidepressant-like effect induced by systemic and intra-hippocampal admin-
istration of DNA methylation inhibitors. Br. J. Pharmacol. 164, 1711e1721.
Santos, F., Peters, A.H., Otte, A.P., Reik, W., Dean, W., 2005. Dynamic chromatin
modifications characterise the first cell cycle in mouse embryos. Dev. Biol. 280,
225e236.
Schmidt, H.D., Sangrey, G.R., Darnell, S.B., Schassburger, R.L., Cha, J.H., Pierce, R.C.,
Sadri-Vakili, G., 2012. Increased brain-derived neurotrophic factor, BDNF
expression in the ventral tegmental area during cocaine abstinence is associ-
ated with increased histone acetylation at BDNF exon I-containing promoters.
J. Neurochem. 120, 202e209.
Schuettengruber, B., Chourrout, D., Vervoort, M., Leblanc, B., Cavalli, G., 2007.
Genome regulation by polycomb and trithorax proteins. Cell 128, 735e745.
Schwartz, P.M., Borghesani, P.R., Levy, R.L., Pomeroy, S.L., Segal, R.A., 1997. Abnormal
cerebellar development and foliation in BDNF/ mice reveals a role for
neurotrophins in CNS patterning. Neuron 19, 269e281.
Skene, P.J., Illingworth, R.S., Webb, S., Kerr, A.R., James, K.D., Turner, D.J., Andrews, R.,
Bird, A.P., 2010. Neuronal MeCP2 is expressed at near histone-octamer levels
and globally alters the chromatin state. Mol. Cell. 37, 457e468.
Soliman, F., Glatt, C.E., Bath, K.G., Levita, L., Jones, R.M., Pattwell, S.S., Jing, D.,
Tottenham, N., Amso, D., Somerville, L.H., et al., 2010. A genetic variant BDNF
polymorphism alters extinction learning in both mouse and human. Science
327, 863e866.
Suzuki, M.M., Bird, A., 2008. DNA methylation landscapes: provocative insights
from epigenomics. Nat. Rev. Genet. 9, 465e476.
Szyf, M., 2007. The dynamic epigenome and its implications in toxicology. Toxicol.
Sci. 100, 7e23.
Tahiliani, M., Koh, K.P., Shen, Y., Pastor, W.A., Bandukwala, H., Brudno, Y., Agarwal, S.,
Iyer, L.M., Liu, D.R., Aravind, L., Rao, A., 2009. Conversion of 5-methylcytosine to
5-hydroxymethylcytosine in mammalian DNA by MLL partner TET1. Science
324, 930e935.
Takei, S., Morinobu, S., Yamamoto, S., Fuchikami, M., Matsumoto, T., Yamawaki, S.,
2011. Enhanced hippocampal BDNF/TrkB signaling in response to fear condi-
tioning in an animal model of posttraumatic stress disorder. J. Psychiatr. Res. 45,
460e468.
Tao, X., Finkbeiner, S., Arnold, D.B., Shaywitz, A.J., Greenberg, M.E., 1998. Ca2þ influx
regulates BDNF transcription by a CREB family transcription factor-dependent
mechanism. Neuron 20, 709e726.
Tian, F., Hu, X.Z., Wu, X., Jiang, H., Pan, H., Marini, A.M., Lipsky, R.H., 2009. Dynamic
chromatin remodeling events in hippocampal neurons are associated with
NMDA receptor-mediated activation of Bdnf gene promoter 1. J. Neurochem.
109, 1375e1388.
Tongiorgi, E., Righi, M., Cattaneo, A., 1997. Activity-dependent dendritic targeting
of BDNF and TrkB mRNAs in hippocampal neurons. J. Neurosci. 17, 9492e
9505.
Tsankova, N.M., Berton, O., Renthal, W., Kumar, A., Neve, R.L., Nestler, E.J., 2006.
Sustained hippocampal chromatin regulation in a mouse model of depression
and antidepressant action. Nat. Neurosci. 9, 519e525.
Tsankova, N.M., Kumar, A., Nestler, E.J., 2004. Histone modifications at gene pro-
moter regions in rat hippocampus after acute and chronic electroconvulsive
seizures. J. Neurosci. 24, 5603e5610.
N.N. Karpova / Neuropharmacology 76 (2014) 709e718718Vassoler, F.M., White, S.L., Schmidt, H.D., Sadri-Vakili, G., Pierce, R.C., 2013.
Epigenetic inheritance of a cocaine-resistance phenotype. Nat. Neurosci. 16,
42e47.
Wade, P.A., Gegonne, A., Jones, P.L., Ballestar, E., Aubry, F., Wolffe, A.P., 1999. Mi-2
complex couples DNA methylation to chromatin remodelling and histone
deacetylation. Nat. Genet. 23, 62e66.
Wang, W.S., Kang, S., Liu, W.T., Li, M., Liu, Y., Yu, C., Chen, J., Chi, Z.Q., He, L., Liu, J.G.,
2012. Extinction of aversive memories associated with morphine withdrawal
requires ERK-mediated epigenetic regulation of brain-derived neurotrophic
factor transcription in the rat ventromedial prefrontal cortex. J. Neurosci. 32,
13763e13775.
Weber, M., Hellmann, I., Stadler, M.B., Ramos, L., Paabo, S., Rebhan, M., Schubeler, D.,
2007. Distribution, silencing potential and evolutionary impact of promoter
DNA methylation in the human genome. Nat. Genet. 39, 457e466.
Wu, H., Tao, J., Chen, P.J., Shahab, A., Ge, W., Hart, R.P., Ruan, X., Ruan, Y., Sun, Y.E.,
2010. Genome-wide analysis reveals methyl-CpG-binding protein 2-dependent
regulation of microRNAs in a mouse model of Rett syndrome. Proc. Natl. Acad.
Sci. U. S. A. 107, 18161e18166.Yoon, H.G., Chan, D.W., Reynolds, A.B., Qin, J., Wong, J., 2003. N-CoR mediates DNA
methylation-dependent repression through a methyl CpG binding protein
Kaiso. Mol. Cell. 12, 723e734.
Yossifoff, M., Kisliouk, T., Meiri, N., 2008. Dynamic changes in DNA methylation
during thermal control establishment affect CREB binding to the brain-derived
neurotrophic factor promoter. Eur. J. Neurosci. 28, 2267e2277.
Zeng, Y., Tan, M., Kohyama, J., Sneddon, M., Watson, J.B., Sun, Y.E., Xie, C.W., 2011.
Epigenetic enhancement of BDNF signaling rescues synaptic plasticity in aging.
J. Neurosci. 31, 17800e17810.
Zhang, Y., Ng, H.H., Erdjument-Bromage, H., Tempst, P., Bird, A., Reinberg, D., 1999.
Analysis of the NuRD subunits reveals a histone deacetylase core complex and a
connection with DNA methylation. Genes Dev. 13, 1924e1935.
Zhou, Z., Hong, E.J., Cohen, S., Zhao, W.N., Ho, H.Y., Schmidt, L., Chen, W.G., Lin, Y.,
Savner, E., Griffith, E.C., et al., 2006. Brain-specific phosphorylation of MeCP2
regulates activity-dependent Bdnf transcription, dendritic growth, and spine
maturation. Neuron 52, 255e269.
Zhu, J.K., 2009. Active DNA demethylation mediated by DNA glycosylases. Annu.
Rev. Genet. 43, 143e166.
